Object. Spinal arthroplasty may become the next gold standard for the treatment of degenerative cervical spine disease. This new modality must be studied rigorously to ensure in vivo efficacy and safety. The authors review the preliminary clinical experience and radiographic outcomes following insertion of the Bryan Cervical Disc Prosthesis (Medtronic Sofamor Danek, Memphis, TN).
Anterior cervical discectomy and fusion is a wellestablished, commonly performed surgical procedure for cervical spondylosis. Since its introduction by Robinson and Smith 26, 28 as well as Cloward 6 in the 1950s, excellent clinical results have been reported in the treatment of degenerative disorders of the cervical spine. 3, 5, 16, 20, 21, 28 Interbody fusion has the disadvantage, however, of converting a functionally mobile, mechanically stable spinal unit into a fixed, nonfunctional one. Analysis of strain distribution in intervertebral discs after ACDF has shown an increase in longitudinal strain, most commonly at levels immediately adjacent to the fused segment. 22 The resulting increase in stress on discs adjacent to the fused level is thought to lead to accelerated disc degeneration and/or mechanical instability at adjacent levels. 1, 17, 22, 30 Radiographically confirmed changes consistent with spondylosis and instability at levels above and below cervical fusions have been described by several authors, 1, 8, 15, 17, 21, 30 although these changes have not always been associated with recurrent clinical symptoms. 4, 9, 19, 23 There is controversy as to whether these changes are attributable to the biomechanical effects of fusion or are simply part of the natural history of spondylosis in a patient who is susceptible to cervical disc disease.
Cervical arthroplasty aims to restore normal spinal motion after anterior cervical discectomy and to avoid the abnormal kinematic stresses produced by anterior cervical fusion. The occurrence of adjacent-segment degeneration may be preventable if spinal motion can be maintained by means of a functional disc prosthesis. To achieve this goal, an artificial disc must mimic natural spinal kinematics as closely as possible, maintaining biomechanical parameters not only at the treated level but throughout the spine. Cervical disc prostheses must mimic the motion and elasticity of the natural disc, provide for balanced and integrated motion of the spinal unit, and possess maximum Table of Contents Early clinical and biomechanical results following cervical arthroplasty durability and biocompatibility. Their insertion should be safe, straightforward, and ideally should not add significantly to the duration of surgery. Finally, clinical success must match or surpass the excellent outcomes achieved using standard ACDF with or without plating.
We describe our early clinical and radiographic outcomes in a prospectively enrolled cohort of patients undergoing spinal arthroplasty with the Bryan Cervical Disc system (Medtronic Sofamor Danek, Memphis, TN). Quantitative motion analysis software was used to evaluate the in vivo sagittal rotation after cervical disc replacement.
CLINICAL MATERIAL AND METHODS
Since March 2002, information on clinical and radiographic outcomes after cervical arthroplasty has been collected prospectively. For this study we included all consecutive patients who underwent anterior cervical discectomy followed by insertion of the Bryan artificial cervical disc.
Patient Population
A total of 30 Bryan discs were placed in 26 patients between 2002 and 2004 ( Fig. 1) . At the time of surgery, the ages in our patient population ranged from 30 to 67 years, with a mean of 43.3 Ϯ 7.93 years (mean Ϯ standard deviation) and included 16 men. A single-level procedure was performed in 22 patients and a two-level one in the other four. The duration of symptoms prior to cervical arthroplasty varied considerably between patients with radiculopathy and those with myelopathy. For patients with radiculopathy, the duration of preoperative symptoms ranged from 2.5 to 60 months (mean 12.5, median 8.5 months). In patients with myelopathy, preoperative symptoms had been present for 1 to 14 months prior to surgery (mean 6.2, median 5.5 months). The follow-up duration ranged from 1.5 to 27 months, with a mean of 12.3 months.
Indications for Surgery
Radiculopathy was present in 18 cases, myelopathy in six, and two patients presented with features of both. All patients received a specific diagnosis before they underwent surgery: 1) radiculopathy caused by soft disc herniation (10 patients); 2) radiculopathy caused by foraminal osteophytes (seven); 3) radiculopathy caused by soft disc herniation and foraminal osteophytes (one); 4) myelopathy caused by soft disc herniation (five); and 5) myelopathy caused by a hard disc (three). In all patients with radiculopathy, arm pain was their major symptom, comprising no less than 70% of their overall pain syndrome. Neck pain, to varying degrees, was present in 74% of patients. Four patients had previously undergone ACDF.
Patient Selection Criteria
Patients with cervical radiculopathy were considered for surgery only if they had experienced failure of nonoperative medical therapy, including activity modification, nonsteroidal antiinflammatory medications, physiotherapy, and massage. If mild-to-moderate asymptomatic degenerative changes were present adjacent to a symptomatic level, a single-level procedure was performed. Surgery was offered only to patients whose main symptom was arm pain, not neck pain. In patients presenting with spinal cord compression, the primary purpose of the surgery was to arrest progression of cervical myelopathy.
All patients were evaluated using static and dynamic cervical spine radiographs as well as computerized tomography scanning and MR imaging. Static neutral lateral radiographs were used to assess cervical sagittal balance, whereas anterior-posterior radiographs were used to exclude abnormal coronal alignment. Dynamic cervical spine radiographs were obtained to confirm motion at the level of the proposed surgery. Computerized tomography was used to assess the size of the disc prosthesis and was also valuable in visualizing the location of the foramen transversarium, the morphology of the vertebral body, the location of foraminal stenosis, and aided in the evaluation of facet disease. Preoperative MR imaging was performed in all patients to determine the origin of radiculopathy and/or myelopathy.
Surgery was offered to patients with a history and confirmatory findings on physical examination that were consistent with the observed imaging findings at the appropriate level. If the predominant symptom was neck pain, this was a contraindication for surgery. Patients were also excluded if there was a history of trauma, infection, or radiographic evidence of instability. Coexisting illnesses such as rheumatoid arthritis, renal failure, osteoporosis, and cancer as well as the use of preoperative corticosteroid medications were considered further exclusion criteria. Preoperative motion at the symptomatic level was a prerequisite for cervical arthroplasty. On the basis of those assessments, patients were grouped into the following categories: 1) soft disc herniation causing radiculopathy; 2) foraminal stenosis causing radiculopathy; 3) radiculopathy caused by soft disc herniation and foraminal osteophytes; 4) myelopathy caused by soft disc herniation; and 5) myelopathy caused by a hard disc. A subset of patients with myelopathy and radiculopathy presented with a history of ACDF. These patients developed symptomatic disease at a level adjacent or remote to the previous anterior cervical fusion.
Data Collection
For each eligible patient we prospectively collected information on sex, age, weight, and smoking status. The duration of preoperative symptoms, employment status, and return-to-work status were also recorded. In patients who had undergone prior procedures, the type and location of the previous surgery was noted.
Surgical Data. Operative details including the type of procedure (single-or two-level), duration of the surgery (including anesthetic time), blood loss, complications, the number of levels treated, the location of surgery, and the size of the device used were all recorded.
Clinical Outcomes Measures. All patients enrolled in this study underwent a complete neurological examination by the senior author prior to surgery and at each follow-up visit postoperatively. In addition to neurological outcomes, each patient completed surveys that measured pain and functional outcome. The NDI and SF-36 questionnaires were self-administered preoperatively and on the 1st postoperative day as well as 1.5, 3, 6, 12, and 24 months postsurgery.
Radiographic Analysis. Static and dynamic cervical radiographs were obtained at 1.5, 3, 6, 12, and up to 24 months postoperatively.
In a subset of patients with at least 6 months of follow up, quantitative motion analysis software (Medical Metrics, Inc., Houston, TX) was used to analyze intervertebral motion. This validated radiographic motion analysis software uses advanced pattern-recognition algorithms to generate accurate measurements of segmental sagittal rotation (that is, ROM). 25 The pre-and postoperative sagittal ROM in each spinal level was examined for three treated groups: patients with the prosthetic disc implanted at C5-6; those with the disc implanted at C6-7; and those with two-level procedures in which the disc was implanted at both C5-6 and C6-7. Time points for postoperative radiographic follow-up evaluations were defined as early (1.5-3 months) and late (6-24 months).
We defined the late follow-up period as 6 months or later, because we had found in a separate pilot study that there was no significant difference in sagittal ROM between 6 and 12 months of follow up (unpublished data). This likely reflects resolution of postsurgical neck and arm pain after 6 months, which may limit flexion and extension effort in earlier follow-up evaluations.
Statistical Analysis
We used descriptive statistics in the text and graphic representation to summarize clinical outcomes. For evaluation of the sagittal rotation, absolute values across groups were assessed, together with measures of change over time within individual patients. Parametric statistics include the Student two-sided t-test and analysis of variance, which were used to assess levels of statistical significance when comparing the continuous data.
RESULTS
All procedures were completed through a transverse skin incision made on the right side of the neck. The surgical technique has been described previously. 13 The levels of surgery included the following: 1) C4-5 (one procedure); 2) C5-6 (13 procedures); and 3) C6-7 (16 procedures). The mean duration of surgery (including time for induction of anesthesia) was 3.1 hours. Blood loss ranged from 30 to 300 ml, with a mean loss of 106 ml. The median duration of hospitalization was 1.1 days (range 1-6 days).
Surgical Outcomes and Complications
One patient experienced increased radicular pain in the recovery room following the procedure. An MR image obtained immediately postoperatively demonstrated adequate decompression of the nerve root, without residual soft disc. No new motor or sensory symptoms and signs were associated with this transient worsening of arm pain, which gradually improved over the next several weeks. Transient unilateral vocal cord paralysis, which resolved completely at 6 weeks, developed in another patient. Although there were no permanent esophageal or tracheal injuries, in a single case dysphagia persisted for almost 6 weeks postsurgery. No cerebrospinal fluid leaks or wound infections were encountered. No patient required revision surgery, and no prosthesis subsidence has been encountered. A single case of possible device migration was seen, in which the superior endplate of the disc had moved 2 mm anteriorly at 2 years postsurgery.
Four patients, three of whom had received plates, had undergone prior neck surgery (a two-level fusion had been performed in two cases). In all three patients with plates, the device was removed prior to placement of the artificial cervical disc. In three of the four patients a symptomatic disc herniation occurred adjacent to the earlier fusion. In a single case a C6-7 disc herniation occurred, causing myelopathy 10 years after a previous C4-5 ACDF. In this series cervical arthroplasty was not performed at the level of the previous surgery.
Clinical Outcomes
Outcome measurements for all patients were completed preoperatively and at regular intervals postoperatively. The distribution of mean pre-and postoperative SF-36 and NDI scores over time is shown in Figs. 2 and 3 , respectively. A statistically significant improvement in the mean NDI scores was seen between preoperative scores (18.7) and late postoperative follow-up scores (4.75; p Ͻ 0.05). A trend toward improvement in the SF-36 physical component was found (Fig. 2) . A similar trend toward improvement was seen in the mental component of the SF-36.
When patients suffering from a soft disc herniation were compared with those with foraminal stenosis, no statistically significant difference was found with respect to NDI and SF-36 outcome scores. Patients with a soft disc herniation had higher preoperative NDI scores (Fig.  4) ; the relative improvement in both groups was preserved. In addition, when outcomes in patients undergoing arthroplasty for myelopathy and/or radiculopathy were compared, no statistically significant difference was found.
Employment Status
Prior to surgery, 15 patients were working, 10 were receiving disability income, and two were homemakers. In the radiculopathy group (18 patients), all 11 individuals who were working preoperatively returned to work after treatment. Five patients with radiculopathy had been receiving disability payments preoperatively and four of them returned to work after surgery. In a single case, the patient did not return to work because of cardiac problems. Two patients who were receiving Workers' Compensation returned to work after surgery. For patients with radiculopathy, the time that elapsed before they returned to work ranged from 0.2 to 12 months (mean 3.2, median 2.8 months). In the myelopathy group (eight patients), all four who were working preoperatively returned to work. Three patients presented with an abrupt history of myelopathy and were admitted to the hospital, unable to work. Two of them were able to return to their previous employment. The homemaker who presented with myelopathy improved and was able to resume her prior activities. The range for elapsed time until return to work in the myelopathy group was 0.33 to 3 months (mean 2, median 2.3 months).
Radiographic Outcome
A subset of patients underwent radiographic analysis. Eighteen discs were implanted in 16 patients: eight at C5-6 alone and six at C6-7 alone, whereas two patients underwent two-level implantation. The mean postoperative sagittal ROM at the treated disc space was 7.8˚ on late follow-up evaluations, which was not significantly different from the preoperative value of 10.1˚. No significant change was observed in the mean ROM at adjacent or more distant spinal levels (Fig. 5) . The amount of rotation contributed by each spinal level to the overall cervical sagittal rotation did not change significantly postsurgery. The overall cervical sagittal motion from C2-7 increased moderately in late follow-up evaluations (Fig. 6 ). This increase in mobility (mean 10.5˚) was distributed over all spinal levels.
DISCUSSION
In this nonrandomized, prospective cohort study, we treated patients with cervical spondylosis with single-or two-level cervical disc replacement. Our preliminary results indicate that cervical arthroplasty provides favorable clinical and radiographic outcomes in this relatively short follow-up period. Our clinical results are in keeping with previously described clinical outcomes for cervical arthroplasty. 13 In our small sample size, clinical outcomes in patients with radiculopathy were similar whether the cause was a soft disc herniation or osteophytes/foraminal stenosis. Radiographic results in this small group of patients demonstrated no significant change in sagittal rotation postsurgery. The relative contribution of each spinal segment to sagittal rotation was preserved following arthro- plasty at C5-6 and/or C6-7. Patients exhibited a modest but significant increase in global cervical sagittal ROM in late follow-up evaluations compared with preoperative values.
Literature Review
Numerous authors have suggested that anterior cervical arthrodesis may alter the natural history of cervical spondylosis and hasten the development of degenerative changes at levels immediately above and below a fusion. 4, 9, 12, 16, 17, 29 Nevertheless, the concept of adjacent-segment disease, although widely discussed, remains unproven.
Patients who have undergone ACDF may display radiographic and clinical evidence of progressive degeneration. Long-term radiographic follow-up review in patients with anterior cervical fusion has demonstrated hypermobility and degenerative changes in the nonfused segments of the spine, including disc space narrowing, endplate sclerosis, and osteophyte formation. 1, 8, 16, 30, 31 Reported rates of radiographic evidence of degeneration adjacent to ACDF range from 0 to 81% 8, [14] [15] [16] and varies with the duration of follow up and inclusion of a control group. Although several authors have demonstrated radiographic degeneration with no clinical correlation, 4, 9, 19, 23 Gore and Sepic 16 found an association between recurrent cervical pain and progression of spondylosis. Hilibrand, et al., 17 performed a retrospective survivorship analysis of 409 ACDFs performed in 374 patients and found that symptoms of radiculopathy or myelopathy referable to an adjacent level occurred at a relatively constant rate of 2.9% per year, with a projected survivorship rate of 26% at 10 years. Again, however, the reported rates of symptomatic adjacent-segment disease vary widely, from 2.2 to 14% with varying follow-up durations. 1, 2, 10, 12, 16, 18 The true incidence of adjacent-segment disease remains a controversial issue. Degenerative changes occurring above and/or below a fused segment may simply represent the natural history of cervical spondylosis and may be related to genetic and physiological factors. In an analysis reported by Hilibrand, et al., 17 patient age and evidence of preexisting degeneration had a higher degree of correlation with the risk of adjacent-segment disease than did the number of years since surgery. Clements and O'Leary 5 noted that recurrent clinical symptoms were more likely when asymptomatic spondylotic changes were present in the adjacent segments preoperatively.
Initial efforts at maintaining cervical motion after discectomy centered on placement of a ball-and-socket joint into the disc space; this device was secured to the adjacent vertebral bodies by anterior plates and screws. 7, 30 Complications associated with these devices include inadequate screw placement, screw failure, dysphagia due to the bulk of the anterior components, and joint subluxation. Nevertheless, cervical vertebral motion was preserved in the majority of cases, and most patients experienced improvement in their symptoms. At the 12-month follow-up review, patients who received an artificial cervical joint had an overall reduction in adjacent-level mobility, which was significantly different from the increased mobility observed in patients with ACDF. 30 Pointillart 24 published a report of the "first failure" of a cervical disc prosthesis; he
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Early clinical and biomechanical results of cervical arthroplasty reported that in eight of 10 patients, cervical mobility was not maintained at the implant level, and in the remaining two, in whom mobility was achieved, also experienced severe neck pain.
Favorable preliminary results have been reported with the use of the Bryan Cervical Disc Prosthesis in Europe. 13 This prosthesis consists of a low-friction polyurethane nucleus surrounded by a polyurethane sheath, which is situated between two titanium alloy shells. The disc provides elasticity and compressibility, allowing for unconstrained motion and translation through the normal ROM. Early clinical results from European trials of single-and twolevel prosthesis implantation demonstrated that sagittal plane motion was preserved in 88% of patients treated with single-level and 86% of those with two-level prostheses at 1 year, and that clinical outcomes were rated as excellent, good, or fair in more than 90% of patients at 1 year.
13

Radiographic Outcomes
It is clear that fusion alters spinal biomechanics. Anterior cervical arthrodesis increases the mechanical demand on the adjacent unfused spinal units, 9 which may accelerate the rate of disc degeneration or mechanical instability. 1, 17, 31 Biomechanical modeling of the cervical spine has led to predictions of increased intradiscal pressures at levels adjacent to intervertebral fusions. 20 Adjacent-level motion has been shown to increase by 15% at 1 year after arthrodesis. 31 This change is presumably caused by the fusion itself, rather than by other components of anterior cervical surgery such as elevation of the longus colli muscles.
11 An increase in adjacent-level motion was not seen in patients who underwent anterior cervical discectomy followed by insertion of an artificial joint. 30 Analysis of the cervical ROM identified no significant change in sagittal rotation postsurgery in our patients. In addition, the degree to which each spinal segment contributed to spinal motion was unchanged. In particular, motion in the segments adjacent to the level of disc insertion was not significantly altered. Patients exhibited a modest but significant increase in global cervical sagittal motion on late follow-up evaluations, compared with preoperative values. With few exceptions, this increase in motion was distributed across all spinal levels, indicating that the cervical spine is more mobile after implantation of a single-level prosthesis. Although the cause of this general increase in mobility cannot be identified with certainty, we speculate that relief of neck pain by the time of late follow-up evaluations allowed for increased neck movement in these patients who had been symptomatic preoperatively.
Clinical Outcomes
Patients presenting with cervical radiculopathy and/or myelopathy, with radiological evidence of neural compression by osteophytic or herniated disc material, and with retained spinal motion at the level in question may be considered for placement of an artificial cervical disc. 13, 27 Our results demonstrated that patients suffering from hard or soft disc disease, myelopathy, or radiculopathy had improved NDI and SF-36 scores postsurgery. Nevertheless, these results are not surprising because the improvement in NDI and SF-36 scores is a function of the neural decompression. The potential benefit of arthroplasty over ACDF will be determined with the aid of late follow-up evaluations, in which the rates of adjacent-segment disease and repeated surgery are examined.
In our small cohort, patients with soft and hard disc disease demonstrated equally improved outcomes after surgery. Because the goal of cervical arthroplasty is to preserve motion, an aggressive decompression of hard discs must be undertaken during surgery to avoid residual symptoms. When a standard ACDF is performed for hard disc disease, the fusion and elimination of motion can promote bone remodeling and regression of osteophytes after surgery. With preserved motion following arthroplasty, however, the extent of the central and foraminal decompression is determined during surgery.
Our selection criteria for cervical arthroplasty continue to evolve as we gain more experience with this relatively new procedure. Young patients, who have a high lifetime risk of adjacent-segment disease, are suitable candidates for the prosthesis. Spinal arthroplasty may be particularly well suited for patients in whom there is an increased risk of adjacent-segment disease (that is, patients in whom asymptomatic spondylotic changes are present at adjacent or other spinal levels). In this group of patients, arthroplasty avoids incorporating multiple levels into the procedure. The artificial disc may also be indicated for patients who have previously undergone an ACDF and present with a new radiculopathy and/or myelopathy caused by a degenerated disc at an adjacent or distant level. All patients must undergo dynamic and static cervical radiographs before surgery. If motion is limited (Ͻ 3˚) or if there is evidence of advanced facet disease, these patients are excluded because they may not benefit from arthroplasty. There is little evidence that arthroplasty is beneficial when neck pain is the predominant symptom. Finally, in selecting patients for disc replacement, we choose those in whom a preserved cervical lordosis or mild straightening of the spine is found.
Limitations of the Study
The results of our study are not generalizable to all patients suffering from cervical disc disease. It is possible that our results have led us to overestimate the potential benefit of cervical disc replacement because of the subjective nature of the selection process, the small sample size, and the relatively short follow-up duration.
Unfortunately, because of power limitations, we were unable to conduct thorough analyses of clinical/radiographic factors predictive of success. Consequently, our negative results should be interpreted cautiously. Furthermore, the small sample size also limited our ability to develop a detailed protocol regarding patient selection. In future studies, a more rigorous characterization of the potential patient population is needed to help identify appropriate candidates and prognostic features for cervical arthroplasty. Randomization of surgical candidates with cervical disc disease to ACDF or cervical arthroplasty treatment groups will be essential in determining whether arthroplasty provides equivalent or improved outcomes and can be used to achieve the desired goal of preventing adjacent-segment disease.
A major limitation in the assessment of preoperative imaging is that all patients in the study had symptomatic disc disease. The preoperative parameters observed therefore cannot be taken as "normal." Another major source of potential error in the radiographic analyses lies in the quality of flexion/extension imaging. Patient discomfort, lack of effort, out-of-plane motion, and the imaging method used may produce substantial variability in images obtained in the same patient at different time intervals. These factors can introduce important inaccuracies into the calculation of sagittal rotation. Every effort must be made to ensure consistency in the neuroimaging technique.
CONCLUSIONS
Insertion of the Bryan Cervical Disc Prosthesis following anterior cervical discectomy appears to be safe and provides good preliminary clinical results. Long-term follow-up review is required to assess its safety, efficacy, and ability to prevent adjacent-segment disease. Computerized analysis of the ROM demonstrated that the Bryan Cervical Disc Prosthesis provides in vivo functional spinal motion. The sagittal ROM was not significantly altered at any level after surgery. Overall cervical spinal motion from C2-7 increased moderately on late followup evaluations, with the increase in mobility distributed across all levels.
